DNA damage [7] . At least one member of the E2F family, E2F1, can also efficiently induce cells to undergo apoptosis. Previously, the E2F1-marked box domain was reported as the unique pro-apoptotic activity that distinguishes E2F1 from other E2Fs. E2F1-induced apoptosis occurs via both p53-dependent and p53-independent pathways [8] . In response to DNA damage E2F1 is phosphorylated by ataxia-telangiectasia mutated (ATM) and Chk2 and thereby stabilized [9] [10] [11] . [12] . The 11 kD basic SmE belongs to a large family of polypeptides containing Sm and Sm-like (Lsm) proteins, which are conserved in eukaryotes and in archaebacteria [13, 14] . Sequence comparison of the so far known seven Sm family members (B/B´, D1, D2, D3, E, F and G) from a range of species revealed a highly conserved Sm core protein motif [15] . This motif is composed of two blocks of amino acids, the Sm-1 and Sm-2 motif, responsible for the assembly of U snRNAs (U1, U2, U4/U6 and U5) in an ordered manner to form the Sm core of the splicesomal snRNPs [14] , thereby involved in RNA processing and mRNA degradation [16] . Generally, mRNA processing factors are traditionally thought to function only in the control of global gene expression and are involved in essential pre-mRNA splicing. However, an increasing number of evidence demonstrated that Sm and Smlike proteins also contribute to other physiological activities independent of its concanical RNA processing tasks [17] [18] [19] . In fact, it has been shown that Sm proteins control germ granule localization during early embryogenesis of C. elegans, and SmE and SmG are required to maintain transcriptional quiescence in embryonic germ cell precursors through inhibition of RNA polymerase II activity [18] . In addition, Sm proteins were also detected as components of nuage and mitochondrial cement in Xenopus oocytes [19] . Furthermore, the Sm-like Hfq protein in E.coli. binds numerous small RNA to regulate the stability or translation of specific mRNA [20] , suggesting that Sm proteins are implicated in multiple biological functions. In addition, it is known that human Sm proteins cross-react with antisera from patients suffering from the autoimmune disorder systemic lupus erythematosus (SLE), which is characterized by the generation of autoantibodies specific for a variety of self-antigens, many of which are nuclear in origin, including DNA, histones and Sm proteins [21] . In [23] . All viruses were propagated and purified as described [24] , and titrated using the Adeno-X Rapid Titer Kit (BD Biosciences Clontech, Heidelberg, Germany). 
Interestingly, we have identified the small nuclear ribonucleoprotein E (snRNP E), also known as spliceosomal protein E (SmE), as a novel target of E2F1 by a genetic so called technical knockout (TKO) approach

Adenoviral vector construction and RNAi
Growth rate determination, colony formation and XTT assay
Real-time RT-PCR
Statistical analysis
Statistical significance was calculated by paired Student's t-test. All statistical tests employed in this study were two-sided.
Results
Overexpression of SmE leads to attenuated cell proliferation but not apoptosis
We have recently identified the small nuclear ribonucleoprotein E as an effector of E2F1 in p53-deficient cancer cells using the technical TKO method [12] . This is a genetic tool based on the assumption that specific inactivation of growth inhibitory genes conveys growth advantage in a specific restrictive environment, followed by selection of phenotypic changes caused by its inactivation [25] . (Fig. 2A) (Fig. 3A) . Concomitantly, no caspase-3 activation was evident in cells expressing SmE (Fig. 3B) (Fig. 4A) . Instead, the majority of (Fig. 5A,  upper 
or control vector Ad-GFP (rhombus). At indicated time points after infection, cells were counted and viability determined by trypan blue exclusion Each graph represents the mean ± SD of three independent experiments. The protein expression levels of SmD1 and different SmE constructs from infected cells are shown before and 5 days after viral infection. (upper panel). The expression of GFP served as control. (C) H1299 cells seeded at equal cell numbers in 6-well plates were infected as in (B
Enforced expression of SmE inhibits DNA synthesis and arrests cells in G2 phase
We further investigated whether SmE contributes to the observed loss of cell viability by interfering with cell proliferation. To test this hypothesis, we examined the fraction of actively proliferating cells by determining the percent of H1299 cells in S phase after Ad-SmE or Ad-GFP infection. Expression of SmE was associated with a marked decrease of the population of cells in S phase to approximately 50% after 72 hrs, compared with that of H1299 cells infected with Ad-GFP
SmE expressing cells accumulated in G2/M phase (27% ± 3.4 versus 16% ± 2.6 in control vector treated cells at 72 hr after infection). In contrast, only a slight increase of the G1 cell population was observed following expression of SmE (Fig. 4A, bottom panel). To further distinguish G2 and M phase cells, we performed MPM2 staining using a FITC-conjugated antibody against phosphoproteins that are active during mitosis (Fig. 4B). After 16 hrs only 1-3% of cells expressing SmE showed an M phase DNA content in FACS analysis, similar to control vector infected cells. In contrast, 38% of cells stained positive after treatment with nocodazole, illustrating that SmE promotes G2 arrest, but not M phase entry.
Fig. 3 SmE-induced cytotoxicity is not caused by apoptosis induction. (A) H1299 cells infected with Ad-SmE were analysed by flow cytometry at daily intervals over 4 days. The percentage of cells with a sub-G1 DNA content (M1) is as indicated. GFP infected cells were used as control (left panel). Western blot analysis of SmE and GFP protein expression levels in whole cell extracts from Ad-SmE or Ad-GFP infected cells. Extracts were probed with an anti-actin antibody as a loading control (right panel). (B) Caspase-3 activity of Ad-SmE infected cells was measured after 96 hrs in the absence (black column) or presence by the caspase inhibitor zVAD-fmk (50 µM) (grey column). Cells infected with Ad-E2F1 and Ad-GFP were used as positive and negative controls, respectively. The average caspase-3 activity obtained from triplicate experiments is shown. Error bars indicate standard deviations.
SmE modulates expression of cell cycle checkpoint associated genes
Cell cycle progression is driven by a co-ordinated regulation of the activating of cyclin-dependent kinases (CDKs), CDK inhibitors (CDKIs) and their positive regulatory cyclins. To examine the mechanism underlying SmE-mediated cell growth arrest, we analysed the expression levels of several key regulators of the cell cycle machinery (Fig. 5). It is well known that cyclin E, which is expressed in mid or late G1 phase complexes with CDK2, and the
BrdU-and 7-AAD labelled cells were measured by FACS analysis. The percentage of cells resembling actively proliferating cells in S, G1 and G2/M phase is shown. Each graph represents the mean ± SD of three independent experiments. (B) M phase cells were visualized by a FITC-conjugated anti-MPM2 antibody and stained for DNA content with propidium iodide (PI). Cells treated with 10 mM nocodazole for 16 hrs were used as a positive control [POS]. pAd-siGFP infected cells served as negative control [NEG]. The percentage of cells with M phase DNA content is as indicated (M). resulting kinase activity is required for S phase entry and initiation of DNA replication. Consistent with the observed inhibition of DNA synthesis by SmE, expression of cyclin E and CDK2 was profoundly reduced in H1299 cells overexpressing SmE
panel). This decrease of cyclin E/CDK2 was accompanied by a moderate up-regulation of the CDK inhibitor p27
KIP1 , which especially interacts with CDK2, thereby inhibiting its catalytic activity [26] . In contrast, we did not find alterations of CDC25A phosphatase expression levels that specifically induces G1 arrest, which is in accordance with our FACS data. Figure 5A ( In addition to Sm proteins, the small nuclear ribonucleoproteins U1, U2, U4/U6 and U5 are essential components of the spliceosome that catalyses pre-mRNA splicing [29] . To investigate whether the RNA splicing activity of SmE is related to its cell growth regulatory function, we analysed coexpression of other components of the functional spliceosome such as U1 SnRNP70. (Fig. 5A, bottom  panel) , suggesting that SmE induced cell growth inhibition is independent from its pre-mRNA splicing activity. [31] . Moreover, GSK3ß activity was linked to apoptosis induced by p53 following DNA damage [32] , hypoxia [33] , prion toxicity [34] and endoplasmic reticulum stress [35] . Another candidate gene with a 64% identity in the SmE⌬1 belongs to EF hand calcium binding proteins, shown to be involved in malignant transformation [36] . Together these findings support the hypothesis that the SmE⌬1 plays an essential role in regulation of cellular proliferation. 
Next we examined several G2/M check point related proteins to elucidate the molecular events leading to SmE-induced G2 arrest. Cyclin B1 binds to CDC2 and is expressed in late S and G2 phase, but cyclin B1/CDC2 complexes remain inactive until late G2 when their activation is required for entry into mitosis. As shown in
No obvious alteration was observed between cells infected with the control vector and SmE expressing cells
Knock down of endogenous SmE promotes cell cycle progression
Fig. 6 Suppression of endogenous SmE protein expression reverses its cell cycle inhibitory effect. Determination of percent H1299 cells in S and G2/M phase after infection with adenoviral vector encoding shRNA against SmE (grey bar) or GFP (black bar). 48 hrs after viral infection, BrdU was applied to the cells for 1 hr, and then cells were fixed and processed for flow cytometric analysis (left panel). The mean percentage of cells in S phase and G2/M phase is as indicated (Ad
